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19. Abstract (con't)

heating. A solution algorithm was developed based on the influence function method,
and numerical results were generated to show the variation of K with flaw size and
orientation as well as relevant thermal parameters involving surface heat flux and
heat duration. These results suggest that the contribution to the crack driving
force by localized severe heating is significant and can exceed 20 percent of the
static fracture toughness of the material.

The numerical algorithms developed can be executed on a desktop microcomputer
illustrating the efficient and powerful characteristic of the influence function
method to solve highly complex cracked body problems. A comparisen between different
16-bit microprocessor systems and an IBM-3081 mainframe show competitive execution
performance with no expected loss in solution accuracy. Potential applicaticns for
this methodology include useful engineering workstation software for damage tolerance
design as well as on board expert systems for monitoring structural integrity during
flight and mission performance.
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Section 1
INTRODUCT ION

BACKGROUND

Matntalning structural Integrity of thin sectlion alrcraft components when
they may contaln potentlal flaws Is the primary objective of damage tolerance
evaluations. Because Integrity of alrcraft structures may become challenged
by severe and raplid heating, especlally when the resulting thermal |oads are
superimposed with the aesrodynamic |oads of normal flight, accurate damage
tolerance analysls must conslder the effect of thermal enviromment on
structural reflabillity (1, 2).

High Intensity heating of alircraft structures may be produced by aerodynamic
heating, by laser Irradiation, or by locallzed Intense fire. Structural

rellabll 1ty wilil be reduced by the development of thermal stresses as well as
the degradation of strength properties at elevated temperatures caused by the
heating. The fallure modes resulting from these conditlons Include locallzed
mel ting or complete burn through. Such condltlions could result In brittle or
ductlle fracture, or buckling of thin sections depending on the nature of the
combined stress state and the type, slze, and |ocation of exlsting flaws.

Fully plastic fallure of unflawed aluminum panels by plastic collapse has been
studled to the extent where analytical predictions of the residual strength
are In good agreement wlth experimental measurements (1). These predictions
are based on transient heat transfer analysls of the thermal heating and
straightiorward stress analysis to determine the fallure |load from a fracture
strength versus temperature relationshlp. In the Investigation performed
hereln, simllar analytical methods for heat flow and stress analysls have been
developed to calculate the crack driving force In flawed metal!llc structures.
The emphasis of the methodology will be to establ Ish the condltlions for
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nonductll e crack extension where thermal heating Is severe enough to Increase
tenslle loadings In critical structure components where cracking may exist.

PROJECT SCOPE

In fallure analysls evaluations of f|awed structures, the application of
fracture mechanlcs provides a quantitative means of sssessing structural
Integrity. The fracture mechanlics approach to structural rellabll ity accepts
that flaws wlil exist and that conditlons can be establ ished where flaws wll|
remaln stable and not grow to an unacceptable size during service between
Inspection Intervals. Fracture mechanics evaluations require the calculation
of crack tip stress Intensity factor (K) which deflines the severity of the
flaw In terms of 1ts physical size and the appllied stress acting on It. By
calcul ating K and comparing 1t with the material fracture toughness, the
abll1ty of a given loading condition and flaw dimensions to cause unstable

fracture can be studled.

l-ll

The development of a general methodology for determining stress Intensity
factors for alrcraft structures exposed to Intense thermal heating will
require a materlals property data base at elevated temperatures, a nonl| inear
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heat transfer analysls model, a thermal stress analysis model, and a fracture

mechanics solution technique for determining K. Al though the problem Is very ;E
compl ex, the present Investigation analytically examines the behavior of I;ﬁ
through-cracked and part-through-cracked aluminum panels subjected to Intense :;5
heating. Several simpllfylng assumptions and model ldeal lzations have been g;
made In order to demonstrate the technique In this Phase | project. Stress li:
Intensity factors are computed by the Influence function method for a range of ::E

\"’-

o
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»

crack jocatlons within the panel relative to the position of the heat source.
The useful ness of the method 1s demonstrated by both the presentation of
numerical results and the [llustration of the ablllty to solve these complex
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h Section 2

" STRATEGY AND OBJECTIVES

$

K

jh The strategy employed In this work for calculating stress Intensity factors
_:? was to use a weight or Influence function approach. As wll! be dlscussed

-2 |ater, thls technique Is very efflclient and enables the basic method to

. provide accurate results using small microcomputers without the need for |arge
f}- malnframe computers. Because the Influence functlion method requlres as Input
4 ) the distributlon of stress In the structure at the location of the postul ated
ub flaw, a thermal stress solution method was also developed which can be

ol executed on a small mlcrocomputer.

-r;:-

ol

Ej The primary objectives of this project were:

o

f{ e To develop an Influence functlon algorithm complete with the thermal
ﬁ: stress solution for calcul ating stress Intensity factors

» .I:‘

o

Al e To demonstrate the method for two simple englneering problems

® To specify the general requirements for a computer progrem that will
run on a desktop microcomputer

#{‘}.‘?T'- "

j; Feasibll ity of this overall approach Is shown In Section 5 by successfully

:E demonstrating stress Intensity factor calculations for the following two

'j§ problems: (1) through-cracked panel subject to |aser beam Implngement In the
- vicinlty of the crack and (2) an edge-cracked plate subjected to aerodynamic
2& heating on one side. Problem input parameters for thermal flux, absorptivity,
e and heat |osses due to convectlon and radliation were thoroughly researched to
\?? provide a meaningfui demonstration of the method., Veri{fication of the

2 accuracy of the developed software Is shown by comparing stress Intensity

?q factor results calculated here with publ Ished results for some simple cases.

144 2-1
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Section 3 o

DETERMINATION OF STRESS INTENSITY FACTORS Qg
FRACTURE MEGHANICS CONCEPTS :
Introduction i
In applying fracture mechanics analysls to fallure prevention evaluations, 1t ?ﬁi
Is Important to establIsh the possible modes by which the structure may fall. iﬁ
Also, the parameters which are Important in determining the resldual strength SE
of a structure contalning defects must be defined. The falilure behavior of h
structural metals can be classifled Into three regimes. The disclplines g;'
required to assess these regimes are: :f?
:

e Linear elastic fracture mechanics (LEFM) - The structure falls In a u
brittle manner, and on a macroscale, the load to fallure occurs within N
nominally elastlic |oadlng. SE..

S

A

o Elastic-plastic fracture mechanics (EPFM) - The structure falls In a

P A

Y %

ductile manner, and signlficant stable crack extension by tearing may

~
precede ul timate fallure. :ﬁ.
NG
o Limit toad or plastic collapse - The fallure event Is characterized by E:
local large deflections and local plastic strains assoclated wlth :*f
ul timate strength collapse at a cross sectlon (the structure exhausts i;‘

(‘(

1ts redundancy through the development of mul tiple local plastic

r
".
Instabilitles until, under continued app!ication of load, global »
col | apse occurs). N3
\1
3
A schematic dliagram showing the relationshlp between critical or fallure ﬁy'
stress (l.e., residual structural strength) and flaw slze Is shown In i
Figure 3-1 for the fallure modes prevliously described. The shape and position f;’
3-1 e
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;u of the fallure locus will depend on the fracture toughness (ch) and

s strength propertles (oufs) of the materlal as well as the structural

§ geometry and type of loading.

o

D Linear elastic fracture mechanics Is used most approprlately to describe the

UQ’ behavior of low toughness/high strength matertals In which the plastic zone Is
n smal| relative to the structural geometry and |1ttle ductll ity precedes

i’: fracture. With thls method, no account 1s taken of Increased mater!al

Li resistance to brittle fallure when signlficent plasticlty occurs, For thermal
5:‘ stress problems conslidered In this application, It Is assumed that flaws are

ﬁi primarily driven by thermal loads that wll| elevate stresses local to the f|aw

@ by the elastic constralnt to thermal displacements. Hence, flaws located In
tu: the vicinlty of rapid thermal change wll| behave elastically provided that the

F : thermal stresses are nominally low (below materlal yleld strength). For this
3 condl tion, LEFM theory will apply and we restrict our discussion to thls case.
N

‘}: Linear Elastic Fracture Mechanlics Princlples

’;% The principles of LEFM effectively link three parameters--the flaw slze, the
:: fracture toughness of the materlal, and the applled stress. |f any two of

o these are known, the critical value of the third can be quantifled. Al though
:E the stress distribution of a cracked structure for an arbl+rary mode of

i;f loading and shape of body and crack can be quite difflicult to determine, only

?Eﬁ three deformation modes can occur near the tip of the crack; the faces can be
F pulled apart (Mode |) or sheared perpendicuilar or parallel to the |eadlng edge
:? of the crack (Modes |l or 111). These three |oading modes are shown

ii schematically In Figure 3-2a and the character of the crack near-tip stress

E: distribution Is Illustrated In Flgure 3-2b. The crack opening mode or Mode |
l; in which the load Is applied normal to the crack face Is generally conslidered
;{ the most damaging of the three modes.

R

:2 As mentioned above, the most useful parameter for describing the character of

. the crack near-tip stress distribution Is the stress Intenslty factor. The

$§ stress Intensity factor (K) deflnes the local crack tip response to global
1)
W
! 3-3
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A1l stress components have the form:

s T. . P
. R I

. kg (K

Where i = x, y, z; j = x, ¥, z; and k = I, II, III

Pl Bl W ML Y

(b) Near Tip Stress Components.

Figure 3-2 - Review of Linear Elastic Fracture Mechanics.
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conditions and |s calculated In terms of the nominally applled stress (o), the
crack |ength (a), and a factor that depends on the flaw geometry, stress
distribution, and structural displacement constraints (F(a)) from the

rel ation:

K = Fo/Ta (3-1)

Assuming Mode | loading, fracture Is predicted when the appllied K value
reaches a critical level. For plane strain conditions, this critical leve! Is

the fracture toughness, ch' and a requirement for safe service Is:

K < K (3-2)
! lc
The critical value of applled stress can be computed In terms of flaw size and
fracture toughness from the expression:
- K1c

S (3-3)
% F/ma

Likewise, glven the applled stress and critical toughness, the critical flaw
size can be determined Implicitly from:

K 2
1 Ic
& T 3 (‘gf‘ (3-4)

A detalled dlscusslion on the computation of K' follows next.

ANALYS|S METHODOLOGY

introduction

Al though many closed form or approximate solutions exist for X, often
numerical technlques are required to calculate K accurately for the actusl
structure. A numerical approach was requlired for the thermal problems
consldered hereln because of the complex stress state expected for the thermal
behavior of metal structures subjected to rapld thermal heating. Examination

3-5
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of Eq. (3-1) shows that the key element In calculating K Is the determination
of the function F(a), which carrles all the Information concerning the
Influence of load distribution and geometry. Clearly, If K has been computed
as a function of ¢ and a, then the desired nondimensiona! function F(a) lIs
determined trivially.

Tradltic al numerlical methods for calculating K are elther energy based or
crack tip stress/displacement based technliques. These stress analysls methods
Involve the direct model | ing of crack face boundaries with very reflned
regions of discrete elements or nodes In the stress solution. Such

tradi tional approaches wiil not be applicable for use with microcomputers
because of the signiflcant numerical effort requlired. Under certaln
clrcumstances, solution of the stress Intensity factor for one set of loadings
on a solid provides sufficlent Information to generate easily stress Intensity
factor solutions for a complete class of |loadings. This approach Is known as
the Influence function method, and Its highly effliclent nature Is explolited In
this Investigation. Thls characteristic not only provides accurate K
solutions for thermal problems but also allows the method to be used on small
computers.

Influence Function Method

The Influence function method Is a numerical technique that allows for the
calcul ation of K for nonl inear (general) varyling stress distribution acting on
the crack. The Influence function or welght method was developed by Bueckner
(3) and clarifled |ater by Rice (4) for two-dimensional problems, The
approach was expanded to three-dimensional problems by Besuner (5) and Cruse
(6). Resuilts developed by Bueckner In 1958 (7) are of consliderable value for
appl Ication to problems dealing with body forces, thermal effects, and
residual stress.
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The Influence function (h) Is a function of crack position (x), specifled
displ acement boundary condltions (u), and geometry. The calculation of K for
the general class of crack problems In Mode | Is:

K = / h(x)o(x)dx (3-5)

L

where L Is the crack |Ine and o(x) Is the "uncracked" stress distribution
normal to the crack face. Once the Influence function has been formulated for
a given crack conflguration, the stress Intensity factor for any applled
stress fleld determined from the uncracked geometry can be computed by simple
numer {cal Integration of Eq. (3-5).

The essential features In the formul ation of the Influence functlon method are
based on the fol lowing fundamentals:

® The appl ication of elastic superposition allows the use of the
uncracked stress distributions In the K analyslis,

® The Influence function Itself Is Invarlant with stress and provlides
the vehicle to calculate the effect of the crack In redistributing any
stress fleld.
The background and basls of the above principles and thelr Impact on simplyling

the computational effort are described in the next two subsectlions,

Superposition and Crack Face Loadlng Equlivalence

The principle of superposition reduces the K solution of an arbltrary and
perhaps difficult crack problem to two simpler problems--the stress analysis
problem but without the crack and the problem of a cracked body with an

appl led pressure that cancels the uncracked stress fileld to establ Ish the
traction free boundary conditlons along the crack face.

3-7
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In Bueckner's formulation, he applles the theorems of Clapeyron and Bettl to
demonstrate that K for an arbltrary cracked body subject to remotely applled
stresses, dlsplacements, and body forces Is ldentical to that due to a simple
loading system on the crack face (7, 8). This principle Is Illustrated In
Figure 3-3. The general cracked body problem shown In Figure 3-3a Is
considered to be the sum of two other problems shown In Fligures 3-3b and 3-3c.

Hence:

(a) (c)

K(b) . K
In the original probiem (Figure 3-3a), the cracked body Is subject to loading
Involving surface tractions over Boundary S , Imposed dlspl acements over
Boundary Sz, and body forces withln the volee (V) of the body. A stress
free crack exists In the body. In the problem given In Figure 3-3b, the
stress dlstribution prior to the Introductjon of the crack (the "uncracked"
stress) |s assumed to be known, and the surface tractions on the plane where
the crack |s to appear are denoted as T*, The tractions T * are stresses
which when applled to the crack face of the origlnal proble are jJust
sufficlent to close the crack completely, Because the crack Is perfectly

cl osed, K(b) equals zero. Hence, the model problem given In Figure 3-3c Is
In this case

, flxed
zero displ acements on 52, no body forces over V, and only T'* acting on

the crack face. The strain energy (U) Is simply the work done by T|* on the

Identical to that of the origlinal problem (Figure 3-3a).

(Figure 3-3c), the body Is treated with zero boundary stresses on S1
crack face:
(3-7)

where L 1s the crack boundary. The rate of change of U with crack |ength for

a body of unit thickness Is related to stress Intensity factor by:

2
v - Ko
3a H (3-8)
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Figure 3-3 - Cracked Body Subject to Three Different
Loadings.
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The parameter, H, represents the elastic constants: E for plane stress and
2
! E/(1 -v ) for plane straln where E Is moduius of elasticlity and v Is
Polsson's ratlo.

; As will be shown later In the results for thermal heating, It Is highly
': desirable to view the orliginal crack problem of Flgure 3-3a as the probiem \
N shown In Flgure 3-3c. It !s preferable to analyze the uncracked body to )
S obtaln the solutlion for T* prior to solving for K. This uncracked analysls
permits ldentiflcation of flaw locations by flrst observing high stress polints
In the body as well as determining potential crack propagation paths,
i: Furthermore, In some cases, consideration of other stresses not usually )
': determined by numerical stress analysls Is required (e.q., residual stress).
: These stresses, however determined, can be simply superimposed and substituted
o In Eq. (3-5). \
Y T
" Influence Functlion Generation
_2 To create an Influence function, h(x), It Is necessary to obtaln the solutlion .
?: for TI*, u, and K for a simple loading condltion by traditional means as E
: suggested by Eqs. (3-7) and (3-8) and to differentlate the crack face
- displ acements wlth respect to crack | ength. Development of the theoretlcal
‘E basls Is rather complex and Involves a deep understanding of analytic functlion
N theorles (3) or a sophisticated understanding of energy principles of
N elasticity (4). A clear depiction of the theory Is possible by considering
) two cases of loading on the same body with the following resul ts:
'f ® K(1) Is the stress Intensity factor for Case 1
’
. ° u(1) Is the displacement vector throughout the body for Case 1 .
M
.f ° T(Z) Is the stress vector spplled by the boundary of the body for
’ Case 2

- s

(2) .
oF Is the body force acting within the body for Case 2

l_ o

' 3-10
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The resul ts of the theoretical analysis (4) show that for Case 2 the stress
intensity factor Is glven by:

Tw o=

- a4

(2) _ _H (2) aull) f (1) _
K = msﬂT _‘%a_. ds + A £(2) 3Uaa da (3-9)

where S represents the boundary of the body and A Is the area of the body.
Since the solution of any crack problem can be reduced to the solution of the
same geometry wlth the Ioadlngzc)m the crgcz:l; boundary or(n2 , we can conflne

Eq. (3-9) to the case where F =0, T equal fto o {(x), and the

only displacement of relevance In Case ? Is the displacement normal to the
crack face u f over the reglon of the crack boundary. The expression

n
for K(Z) then becomes:

a

au
(2) _ _H (2) n (3-10)
K = 7—)— o dx
K1 o

Comparlison of Eq. (3-10) with Eq. (3-5) glves the general form of the
Influence function as:

H aun
h(x) = E(T)— Ba (3-11)
Once h(x), the Influence function, and ¢(x), the "uncracked" stress acting
along the hypothetical crack plane, are known, the stress Intensity factor can
be calcul ated by simple numerical Integration. This Integration can easlly be
accompl Ished on a desktop computer.
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- INFLUENCE FUNCTIONS FOR TWO CRACKED BODY GEOMETRIES
"‘ L

-~ Through Cracked Infinlte P|ate

N
oy The Influence function for a through crack In an Infinlte plate shown In
o Figure 3-4 was derlved from the uniform tension solutlions glven by Irwin (9)
N'j or Erdogan (1Q) where stress functlions were used to establ Ish the followling:
-

K = o/ma

23 (3-12)
N
0, . 2 -1/2
o ubx) = 517V 2a L 2
b
'{-;I From Eq. (3-11), the Influence functlon for a crack over the region 0 < x < 2a
o under Mode | loading Is:

.r

- , 1/2
. ho(x) = (ma) 12 (_x_ (3-132)
:(, I (ma) (2a - x)

%,

Sa

Ll for a crack tlp located at x = 2a, and

. _ 172

h(x) = (ma)"1/2 EaTi) / (3-13b)
-:"- for a crack tlp at x = 0. The Influence function for Mode || and Mode 111

v loadings are of the same form as Eq. (3-13), hence:

.:__2 h = h = K (3-14)

T ! i i 3

The sofution for K or K,,, follows from Eq. (3-5) but with the stress

S distributions for {n—pl ane (ox ) or out-of-plane (o ) shear stress

~ r4 x

= distribution substituted for the normal stress o (x).

e z

o
s
D ~:
: 3-12
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Edge Cracked Pl ate

R The Influence function for an edge cracked plate of finlite thickness was

g: derlved by Bueckner (11) for the geometry shown In Figure 3-5. A serles
{L approximation was used to obtaln the function with a reported accuracy of

. 1 percent for 0 < a/w <0.5 (l.e,, crack penetrations up to one-half the p!ate
:3 thickness). The resulting Influence function for Mode | loading Is:
"

A ~ 2

A h(x) = (Z/W)l/2 (a - 32 1em 1 - X x

I ) (1-5)em(-3) (3-15)

O

»

N where,
;~
. 2 6

P~ M = A +B (a/w) + C (a/w)

~ 1 1 1 1

X M A+ 8 (a/w’ + C (arm®

~ = a/w a/w

~ 2 2 2 2

Y,

i A = 0.6147, B = 17.1844, C = 8.7622

v

‘.

g A = 0.2502, B_ = 3.2889, C_ = 70.0444

z 2 2 2

" For the case of edge crack In a half space, the coefflclents become

2 M1 = A1 and M2 = Az which simpl ifles the expression for hl(x).

-,

”, Equation (3-15) In conjunction with the general stress distribution, o (x),

- z L
. can be Integrated according to Eq. (3-5) for 0 < x < a to obtaln the stress }
W Intensity factor. ]
N

- 1
D: ‘
., <
N verification of Solutions 1
‘2 The solution of stress Intensity factor for the two Influence functions was 3
:f accomp| Ished by numerical Integration of Eq. (3-5). A simple rectangular rule h
e

-’ was used to perform the Integration. Because h(x) Is singular at x = a, a i

nonunlform Integration grid was used that reflines the Integration steps as x )
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‘alky approaches the crack tip. Up to 30 integration polints were used In the
numer|cal procedure,

The accuracy for the program was verlfled by comparing the numerical results
for the case of uniform tension to that of known values given In the

- | 1terature (12). Thls comparison Is shown In Figure 3-6 for both flaw models.
- Very good agreement between the numerical algorithm and the |lterature results
! Is observed.
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L, THERMAL ANALYSIS MODELS

e

{!

v

::. INTRODUCT ION

"."'

"::j As described In Sectlon 3, the stress Intensity factor model requires the
thermal stress distribution for the solid. |In classical thermal stress
analysls, the heat transfer solution Is decoupled from the mechanics solution

\

"t since thermal deformations usually are small and can be neglected In the heat

:‘\- transfer analysls, Although In severe thermal conditions the deformations

N could be large, the determination of stress herein wil| be restricted to small

:-’; displ acements and no phase change so that the decoupling of the two problems

::: Is acceptable.

r

*»

bl The c|assical representation of heat flow In a three-dimensional solld Is

oL

i glven by:

.::.,

‘-J

-~ T _ 3 (3T 3y 3T 3y T (4-1)

N AT ax (k ax +ay(k y +82(k57 +G

4

;;I where p Is the material density, C Is the specific heat, T Is the temperature,

‘ t Is time, and k Is thermal conductivity., The function G Is the energy

'C produced per unit volume per unlt time. In Eq. (4-1), p, C, and k are

| conslidered functions of both positlon and temperature and G 1s a function of

F..- position and time. This equation Is a statement that the rate at which energy

';Z'- accumul ates In a volume Is equal to the net flow of heat across the surfaces

- of that volume plus the rate at which heat Is produced within the volume.

,"-

”.

';:. The solution of Eq. (4-1) In conjunction with the appropriate boundary

;j'. conditions and Inltial conditions gives the transient temperature response

2 throughout the solld. We, therefore, seek solutions of Eq. (4-1) for the

f cases of laser Irradliation and asrodynamic heating so that the desired thermal

AN stresses can be computed.

W

N
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% One of the most Important effects of Intense heating by laser Irradlation Is
" the conversion of the electromagnetic wave energy In the beam Into thermal

:~ energy In the material (13). The rate and source of production of heat by the
::. laser will yleld the function G. For metals exposed to a continuous beam at a
o wave |length of approximately 10 ym, energy absorption occurs In a very thin
‘\-’_‘ |ayer at the surface. |t then becomes convenlent to obtaln solutions for

-{:: Eq. (4-1) with G = 0 but with a specified heat flux at the surface boundary.
"-' Hence, for contlinuous wave radiation by a CO_ |aser (wave length of

v 10.6 pm), the laser beam Implngement problem can be treated similar to
A~ aerodynamic heating In that the Impinging heat flux constitutes a boundary

t condition. As wll| be dlscussed |ater, other surface effects, such as

*' reradiation of energy and heat loss due to convection from the surface, must
""' also be Included as boundary conditions.
b
’5-: RADIAL HEAT TRANSFER IN A SEMI-INFINITE RLANE

F
'., Governing Equations

_ The representation of the |aser beam Implingement plane Is modelled as a
two~dImensional radlal plane, Figure 4-1 Illustrates a portion of a
, semi-Infinite metal plate of thickness, w, with Its exposed surface Irradiated
'.: by a laser beam of radlus, R, A cylindrical coordinate system (r, @ ,z) Is
E:I also shown with the z-axls colincident with the axls of the |aser beam and the
origin located at the metal plate back wall.

“' In addition to the Impinging | aser beam, the exposed surface (z = w) also

-’ experlences two other modes of heatlng--convective cool Ing (or heating) by
moving alr at all values of r and surface reradlation at all values of r. |t
iy Is assumed that the back wall (z = 0) Is Insulated at all values of r, If the
": | aser beam Is axlsymmetric about z and the convection coefflclent |s constant,
',-C: then the resul ting heat conduction within the metal Is also axisymmetric wlth
& the result that the metal temperature at any lInstant In time wil| be a
:." function of r and z but not anqular position about the z axls.
g
" 4-2
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Figure 4-1 - Schematic of Laser Beam Impingement Area on
Exposed Metal Surface.
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! The time varying heat transfer In the metal plate Is described as follows.

5 initlally, at time t < 0, the plate Is at a uniform temperature throughout

My because the convectlve cool ing (or heating) and exposed surface reradlation

;‘E are uniform over the entlre surface. Since the back wall Is adlabatic, there

-« Is no local lzed source of energy anywhere wlth the result that no temperature

o gradlents are promoted. At the time + = 0, the |aser beam strlkes the exposed

“','."' surface over the clrcular area of radius, R, The beam may be constant or

a variable with time. The high level of energy assoclated with the beam Is

* conducted down Into the metal and outward In the radlal direction. Metal

" temperatures at z = w and r < R rise rapldly Initially, Temperatures Indepth

8 and for r > R then start to Increase as the radlal conductlion commences,

: Counteracting the |aser beam energy source are the two energy sinks provlded

=3 by surface reradlation and convective cool Ing.

e

‘:f_ Due to the heat transfer events described above, the temperature fleld In the !

“: metal plate Is two-dimensional and time dependent, T = T(r, z, t). It can be J

' shown from Eq. (4-1) that this temperature field In cylindrical coordinates

- with no Internal heat generation |s governed by the following partial

\.; differentlal equation:

N

N oo % st (i) e (5 (4-2)

P-¢

( where,

|
p = p(T) = Metal denslty

C = C(T) = Metal specific heat
k = k(T) = Metal thermal conductivity

-, 2
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"‘ Note that Eq. (4-2) Is formulated with the metal thermophysical properties o,
" C, and k allowed to vary with temperature. Of course, Eq. (4-2) Is subject to
-\.E both an Inltial condition:

)

A T=Ttr, z, O) (4-3)
o

E for all z and r values, and the heat flux boundary condltions at z = 0 and
'_: z = w already described:

T(r, os t) = 0 (4"4)

i az

.~I
z " aTgr,aw, L (4-5)
X b
-
:.:; where Q Is the net heat flux from the surface energy balance. The surface
i;:; energy balance In Eq. (4-5) Is of the general form:
¥, _ : . .
n - " - _ 1" + " . .
% Q q"(r, w, t) % 9 yaser T 9 convection + q radiation  (4-6)
, ‘;:
-f'::- where as Is the surface absorptance. Thus, for the I|aser implngement region
N (0 < r< R):
\:
w
- BT - 1) _ 4 - 4
e K Sy o= omag My P T ST o (TS T (4-7)
) while outside of the |aser Implingement reglon (R < r < mw):
N oT 4 _ 4
N koS o (T T g (T8 - T ) (4-8)
[} o, Zz
.;\
A
_ where, in the equations above, h Is the surface transfer coefficlent, Tw Is
i the alr temperature, T 1s the remote temperature tor radiation, o_Is the
:: Stefan-Bol tzmann Constant, and ¢ |g gyrface em|ttance. s
,:~ m
~.
Since Eq. (4-2) Is non!inear due to the var!atlion of thermophysical properties
-~
.::j with temperature, the most practical means of solution Is to use a finlte
X
‘o 4-5
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difference method which ls based on a network of discrete nodes In the region
of the metal piate where significant heat conduction occurs.

Numerlcal Solutlon
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In this work, the approach described by Griffls, et al., (1) has been
followed, Figure 4-2 I1llustrates a |umped mass nodal network around a surface
node. Thls node experlences heat conduction to or fram all adjacent Nodes 1,
2, and 3 and heat fluxes to or from Its exposed surface due to the three
mechanlsms ldentifled, As derlved by Griffls, et al., (1), the Incremental
temperature rise at the surface, AT', for an Increment In time, At, Is glven
by:

3
ATi = 2{: Kij (Tj - Ti) + riAriaSq laser
J

(4-9)
4 4 . Y\ S
+ riArioSem(To - T, ) + r].Arih(Tco Ti) riAriAZiQiCi
where, for the radlal direction:
oy ar -1
K T Rk oG (4-10)
1 J
rot tl
Ay = 2T (4-11)
and, for the vertical directlion:
Az . A2 -1
K.. - 2A.. LI J
i) 1] ki kj (4-12)
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NOTE: 4" = Heat Flux = Energy per unit area per unit time,

Figure 4-2 - Lumped Mass Heat Conduction Model.
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Y = (4-13
i AiJ' riAri

‘ For a subsurface node, Eq. (4-8) simplifles to:

N

RV 4

AT, = E Ko(Te - T | = (4-14)

- i it i r.Ar.Az.p.C.

o . A Rk B B

r J

P

N

o where Kl Is defined by Eq. (4-10) for the radlal direction and by

Eq. (4~12) for the vertical direction. Equations (4-9) and (4-14) are the

.h

. desired finlte difference approximations to Eq. (4-2),

e

A
-: As discussed by Griffls, et at. (1), the right hand slde of Eq. (4-9) Is

= evaluated at present time and the left hand slde Is treated as an incremental
':f:j change between present temperature and future temperature after elapsed time,
:‘_'--' At. Mathematically, this Is an explliclt (rather than Implicit) numerical

:I' solution approach. Because of the thinness of alrcraft skin relative to other
dimenslons, the through thickness heat flow Is neglected In the present

-\-‘-

::.j Investigation. This assumption will allow for a simplication of the method to
" a one-dimensional model .

"

\5: THROUGH THICKNESS HEAT FLOW IN A QURVED SHELL

N

%

» Governling Equatlons

',‘:’ The thermal response resul ting from one-dimensional heat fiow through the

f

:«5_ thickness of a curved cylindrical shell was used to model uniform aerodynamic
B

: heating of the |eading surface. The model geometry 1s shown In Flgure 4-3,
i
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(b) Finite Difference Model.

Figure 4-3 - Thermal Model Geometry.
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The solutlion for the translient response of two concentrlic shells of dlssmilar
materials Involves solving a parabolic partial differential equation of the
form:

_E)_T.;.lﬂ: La_.r (4-15)
BPZ r ar ay ot
where,
t+ = Time
r = Radlal coordinate
T = Temperature, T(r,t)
a = Thermal diffusivity

*

The modelling of two~layer construction will allow the analysis of alrcraft
structures where a thermal protective skin Is applied to the outer surface.

The boundary condltions are nonhomogeneous and require that shell Inside

(r = r!) and outslde (r = r ) surfaces transfer heat between the metal
o
surface and the enviromment:

3T _ Ui - _ _
7K (Tp - T5)eatr=r, (4-16)
h
oT _ o _ _
ar Tk, (T = Tyo)» 3t T =1y (4-17)
4-10
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where,

h', h = Surface heat transter coefficlents (Inside and out-

o
slde)

kt' k = Thermal conductiv!ty of surface materlals
o

T,T = Metal surface temperatures

wil wo

T = Alr or gas temperature

The Initlal condition for the analysls Is:

T(r, 0) = Tb = Constant (4-18)

Numerical Solutlon

The solutions of Eqs. (4=15) through (4-18) are accompllshed using a finlte
difference method based on the Crank-Nlcolson technique. This Is an Impliclt
approach, and the temperatures are obtalned by solving a set of simul taneous

I Inear equations (14). The nodal point scheme for the difference equations Is
shown In Flgure 4-3. By deflining the temperature ?(r, t) = T(R, t) - T(r, 0),
the difference equations T N wll}hrepresen+ the temperature at the l*h

point Into the model and at the n  step where radlal dlstance, r = 1Ar and
time + = nAt. For simpliclity, the """ notation wil! be dropped In the
difference equations which wil| follow,

Two additional or flictitious node polnts are used so that a central difference
relation can be formul ated at the Inside and outside shell walls. This ylelds
three difference equations (one for each node at the wall and one for an

4-11
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Internal node). The finlte difference equation for the convective boundary
condltion Is:

T

i+l,n " i-l,n | oh o
K

2Ar o T]' ,n) (4-19)

The finlte difference equatlion for the partial differentlial equation at the
wall Including the convectlve boundary condltlons Is:

2 ary(t)
Ar n+1

i1, ne1 " G +agn>Ti,n+1 - ory(t) gt 5t

(4-20)
Ar2 Y Ary(t)
T] +1,n 1 &'{A—t) T1 .n - AY‘Y(t)n + - 53 = 0
where y(t) Is:
h (T -7, ) (4-21)
k oo i,n

The finlte difference equation for an Internal node, say the | + 3 node as an
example, Is:

<1-L)T -21+_Ar_2_‘]' +1+LT
2i) i+2,n+1 a At ) i+3,n+1 ( 21) i+4,n+1
(4-22)

+ (1 - ~l> T ot g + (1 )T .
27 Ti+2,n ant) Ti+3,n 27) Ti+an = O
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For the case when an Insul ated boundary (h = 0} Is assumed, the finlte
n difference equation for the Insul ated boundary conditlion Is (central

N d1fference):

A

- T
2Ar

Tivkel,n " Ti+k-1,n

This results In a dlfference equation for the node at the wall which Includes
the Insul ated boundary conditlon as:

2 2
Ar T. + T. ~ _ A&r
Ti+k-1,n+1—<1+atAt> 1+k9n+1 T1+k—1,n <1 atAt>

(4-23)
T1'+k,n =0
A speclal situation arlses for the case of an Internal node at the Interface
of the dissimllar materfals. For this node, the thermal properties of the
base materlal are assumed as an approximation, although a more exact solutlon
would Involve conservation of heat transfer across the boundary between the
two materials. [t should also be noted that the temperatures at the
convective wall (T ) may osclilate In time about a central ("correct") value
when the heat frangfer coefflclent Is a very large value. This phenomenon
does not affect the accuracy of the Interlor polints and may be avolded by
using a smaller time Increment (14).

THERMAL STRESS ANALYS IS

Once the temperature distribution Is known, the elastic stress [n a
two~dimensional solid can be determined by satisfylng the equations of
equliibrium and compatibliity In conjunction with the boundary conditions, In
treating the true thermal stress problem (1.e.,, wlthout body forces), the
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equll lbrium equations will automatically be satisfled If a stress function, v,
can be found such that:

= 8 - = 3¢ _
(¢] - 2,0 ‘2’0 (424)

where ¢ , ¢ , and ¢ are the component stresses.
x Yy xy

Considering the plane stress case, the straln (€) can be expressed in terms of

the stress functlon through the use of stress stralin relations., Substitutlion

of these stralns Into the compatibli ity equation:

2 2 2
’ gzx L Sy L Dy
oy Y X3y (4-25)

ylelds the Inhomogeneous blharmonic equation:

V4¢ + EueVZT = 0 (4~26)

where E Is the modulus of elasticlty, o 1{s the coefflclent of thermal
expansion, and ¥V notatlon represents ﬂ?e Lapl aclan operator. Solutlon of
Eq. (4-26) for the stress function with the approprlate boundary conditlions
wlll glve resul tant stresses from the equll ibrium equations,

Al though most thermal stress problems are treated by approximate solution
methods, a class of exact solutlions wll| be explolted hereln to simpl ify the
mode! (15). When the temperature does not vary In one direction, It can be

assumed that the stress due to heating does not vary In that direction. For ,'.
these simple cases, It Is possible to Integrate the governing stress equations :1
~
above to yleld the thermal stress. For the clrcul ar pl ate geometry for |aser ,‘i
<4
-.‘J
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heating shown In Figure 4-2, the Integral equations for radlal and hoop
stresses are (16):

b r
o = o E|L Trdr - & Trdr (4-27)
r e b2 rz
0

o

Q
it

b r

o = o E|-T+ ? / Trdr + —:—2 / Trdr (4-28)
0 0

where E and a are constants, the thickness of the plate Is also constant

and b Is the gufer radius of the radlal plane where traction free boundary

conditions are applled. By Introducing cylindrical body curvature,

Eqs. (4-27) and (4-28) have been rewritten In terms of the aerodynamlc heating

problem shown In Figure 4-3 as glven below:

r r
ook e riz °
o i r; Y
2 2 Yo r
aeE r - r]- 2
og = 5 5 > Trdr + Trdr - Tr (4-30)
T L% " Ty ri

where r'l and ro are the Inner and outer radili.

For the stress solution of each problem (1.e., |aser heating or aerodynamic

heating), the above equations are Integrated at each time step using the nodal

4-15
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values for T(r, t) computed from the thermal solution routines. For the model

R AR AN e VI

representing merodynamic heating, as the Interface between the dissimilar
materlals, another node Is added so that two nodes at the Interface each have

o

the materlal propertles of Its respective side. Since, In general, the
temperature dlistributions across the Interface will be continuous, the
accuracy In the stress calculation at the Interface wil) not be In signiflicant

-."‘)?‘

error even though a conslderable stress discontinulty could exist at the same o
polint, ::- )
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Section 5
LASER BEAM |RRADIATION ON A FLAT PLANE

PROBLEM PARAMETERS

Geomefrz

The problem of |aser beam Impinging perpendicular on a flat planar surface In
the vicinlty of a through thickness crack ts represented In Flgure 5-1. The
crack has a total length of 2a and the center of the crack Is a dlstance,

rc, from the center of the laser beam. The crack Is also oriented by the
angle, § , relative to a radial |ine connecting the crack center with the

| aser beam Implngement zone., The beam cross section Is assumed circul ar with
a radlus, R, The thickness of the plane Is defined as w. The local
coordjnate system for the crack Is the same as depicted earlier In Figure 3-4.

Because of the many varlables that can be Investigated, most of the geometry
parameters are held fixed. Speclfically, R is equal to 2 Inches, w Is equal
to 0.25 Inch, and the ratio r /R 1s set at two In the analyses that fol low.
The effect of crack |ength ang 1ts relative angul ar poslition on stress
Intenslty factor are analyzed parametrically.

Thermal Parameters and Materlal Propertles

The thermal model described In Sectlon 4 requires as Input the surface flux
Imparted by the |aser, the absorptivity, the emissivity, and the basic thermal
properties of the panel. In the analysis, the panel materlal properties sre
taken from typical values for aluminum alloy Type 7075-T6 (1, 17, 18). A
summary of the assumed properties Is glven In Table 5-1., The thermal and
mechanical propertlies |Isted are at room temperature. In the analysls, the

thermal and mechanical properties are assumed not to change wlth temperature,
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Table 5-1

SUMMARY OF PROPERTIES OF ALUMINUM ALLOY 7075-T6

Property

Specific Heat, C
Density, o
Thermal Conductivity, k
Thermal Expansion, %o

Poisson's Ratio, v

Elastic Modulus, E

Yield Strength, oy

Ultimate Strength, o,
Liquidus Temperature
Solidus Temperature

Incipient Melting Temperature

Assumed Value

0.23 BTU/1b-°F
169 1bs/ft3
75 BTU/hr-ft-°F
13 x 1076 in/in-°F

0.33

10.3 x 106 psi
73 ksi
83 ksi
1175°F
890°F
990°F




al though the temperature solution algorithm can accommodate temperature
varying properties,

Two |aser radlation fluxes are assumed (100 H/cm2 and 500 w/cmz) which are
capable of being achleved by a |arge 002 laser. The surface absorptlon of

the alumlinum pane! can range between 0.6 to 0.9 depending on whether the
surface Is highly pollished or heavlly oxldized or palnted (19, 20). In this
Investigation, as ls assumed to be 0.8. which represents a palnted surface.
Further analysls simpiification |s made by assuming gray body behavior for
radlation so that emissivity and absorptivity can be equated. Normally, these
parameters are surface condltion and wave |ength dependent and. In general,
Independent of each other. Remote temperature for radlation losses from the
pane| Is assumed to be absolute zero (To = -460°F).

STRESS SOLUTIONS

The temperature and stress response of the panel was solved with the finlte
difference model. The panel was modelled In one dimension with only a single
node representing the global z (through thickness) direction. A total of 200
nodes was used In the radlal direction to a maximum radius of 20 Inches.
Hence, the radlal spacing between nodes was 0.1 Inch. Because of the Implicit
numerical procedure, several time Increments were tried In order to verlfy
numerical stablillity. It was determined that At = 0.05 second gave reasonable
results, Translent temperature solutlons for ten seconds duration were made,
however, because of the analysis assumptions, only the solutlons up to four
seconds are real Istic,

The temperature distribution at 0.5 second after the |aser flux was applled Is
shown In Flgure 5-2. In thils example and the calcul ations for K that fol low.
the panel was assumed statlonary so heat loss due to convection was zero. For
a flux of 500 w/cmz, the metal temperature has risen by more than 200°F
above the Inltlal plate temperature of 70°F. Because the laser flux s
oapplled uniformly over the region, 0 < r/R < 1, the temperature proflle
exhiblts a plateau behavior over the Irradlated reglon with a very sharp
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2
attenuation occurring at r/R = 1, The case of 100 W/cm flux shows a

significantly less severe thermal upset of the plate and comparably lower

stresses and stress Intensity factor would result.

The radlal (or) and tangent!al (00) stresses corresponding to the

temperature gradients of Flgure 5-2 are plotted In Figure 5-3. The radial
stresses are everywhere compressive Implylng that cracks orlented parallel to
the | aser beam boundary (OC = 90°) will not experlience posltive crack

opening forces. Based on the magnlitude of the stress components, f|aws
oriented perpendicul ar to the beam boundary (§ = 0) will have the highest
Mode | stress Intenslty factors. Thls result ?s, In part, due to our
one-dimensional treatment of the probiem, but nonetheless, thls observation
will be true In most two-dimensional cases,

The highest tensile stresses occur close but Just outside the beam boundary
and attenuate away as the radlal distance away from the beam Increases. A
time equal to 0.5 second, the peak stress Is computed to be 9 ksl for the
500 w/cm2 case and about 2 ksl for the 100 W/cm2 flux. Because the beam
energy Is both uniform and contlinuous In time, the stresses contlnuously

Increase In magnitude under the elastic conditlions assumed 1n the model.

STRESS INTENSITY FACTORS

The stress Intensity factor was calculated by the influence function method
described In Sectlion 3. The stress Intensity factor for a crack orlented
perpendicul ar to the beam clrcul ar boundary Is shown In Flgure 5~4. Here, K
Is plotted as a function of time from the start of laser beam contact. The
crack center ls located 4 Inches from center to the beam and the crack half
length Is 1 Inch (l.e., a =1 Inch).

The K |level at each crack tip Is observed to Increase with time as would be
expected for a continuously local heating of the plate. The largest K values
are computed for the highest flux case, which Is also expected. What Is
Interesting, however, is that the K level due to heating can be signlficant,
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ﬁ up to 20 percent of K c for the material and occurring within the flrst

second of Irradlation although a crack of 2 Inches In total length would be

N qulte large to remaln undetected In a critical alrframe member, In any case,
‘:ﬂ It Is possible to generate large crack driving forces If the Impinging beam Is
~;E of significant energy and surface area contact.

N

W~ As shown In Flgure 5-4, the K levels for each crack tip are very nearly equal
% early for the thermal tfransient but dliverge rapldly as time progresses,
:5 especlally for the 500 w/cm2 flux case. The maxImum K value occurs at the

%f crack tip (Crack Tip 2) closest to the |aser heating zone due to the

», Increasing stress gradient In that directlon. Unstable fracture Initlating at
,ﬁ that crack tip would undoubtly propagate toward the hot spot where It probably
:E would arrest. Although not evaluated In thls Investigation, the condlitions

o for fracture reinltiation at the remote crack tip can also be determined by

E; selecting appropriate r /R ratlos (between zero and two In thls exampie).

éz The Influence functlion ;efhod Is capable of modelling the flaw for any value
;E of i’
~qi The stress Intensity factor as a functlon of crack |ength for the stress

SZ condl tions occurring at 2 seconds for the two |aser fluxes Is glven In

;f Figure 5-5. As the physical crack length Is increased, the K |evel at each

~"j crack tip also Increases with the crack tip closest to the beam exhiblting the
jj maxImum computed K value. Although not calculated In this Investigation, I+
,ﬁ would be expected that flaws |ocated closest to the laser Irradiated zone but
_E; not directly under the heated reglon would be the most critical based solely
b Le.

on the thermal stress distribution. A proper structural Integrlty evaluation
would combine aerodynamic loads with the thermal loads In order to establ Ish

{ﬁ the critical flaw conditions. Thls feature could be easlly added to the
- present method.

! For the case of a crack orlented 45° with respect to r o the crack tip
;:ﬁ deformation mode Is predominately Mode Il. The Mode ll stress Intensity
o/,
‘- factor Is plotted as a functlon of crack length In Flgure 5-6. Comparlson of
- these results with the pure Mode | case of Fligure 5-5 shows similar trends and
A
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these results with the pure Mode | case of Flgure 5-5 shows similar trends and

magnlfudesé For the 45° flaw, K' Is not zero but Is very small--less than
1 ksl In for the flaw lengths and thermal loads shown In Figure 5-6.

EFFECT OF AERODYNAMIC COOL ING

In the prevlous calculatlons, the flawed panel was assumed statlonary so that
the surface heat transfer coefflclent (h) was Input as zero (no forced or

natural convection). |If the panel was moving or If alr was belng moved over a
gl stationary plate at the glven veloclity, then the stresses In the panel would
g decrease because surface cool Ing would reduce metal expansion In the
~ Irradlated reglion. Llkewlse, the stress Intensity factor for a gliven flaw
. condi tion would also be reduced.
f‘C
w* By repeating the thermal stress analyslis with convection coolling, the

resul ting stress Intenslity factor for a flux of 100 N/cm2 Is glven In
iﬁ Figure 5-7. In the thermal analysis, the heat Hransfer coefficlent was
13j estimated fram the case of uniform alr flow over a flat plate assuming a
:ﬁ turbul ent boundary layer. At a free stream veloclity of 1,100 ft/s (Mach 1),
-hf the heat transfer coefficlent was computed to be 115 BTU/hr-f+2-°F. In
k | Figure 5-7, the ratio of K to the K level computed for zero veloclty (h = 0)
.% Is shown as a function of veloclties up to Mach 1. For Irradiation exposure
ﬂ: of 1 second, the reduction In K |s approximately 4 percent at Mach 1. These

s

reductlion ratlos are approximately the same for all flaw lengths due to the
short exposure time. After 4 seconds, however, K iIs reduced more with a
greater reduction observed for longer flaws (a = 1 Inch) than shorter flaws
(a = 0.25 Inch) as shown In Figure 5-6, The maximum d!fference between K for
stationary plate to K In a plate moving at Mach 1 Is about 10 percent for the
. conditlions deplcted In Flgure 5-6. I+ Is expected that the beneflts of
aerodynamic cool Ing wll| become more signiflicant for longer exposures and

.
I}
)

i
1
aag ey
)

DNl g
vy ¢ s L2 ]
. -. .' l' l.

higher fluxes where temperatures closer to melting could occur. Clearly, the
‘. maximum excursion In K would be |Iimited by the presence of surface cooling for
- the case of a single |aser pulse since the total heat absorbed would be {

s
’f? reduced by convection as opposed to Just heat conduction alone,
o
'.‘
i
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‘. Sectlion 6
L AERODYNAMIC HEATING OF A PLANE SURFACE

‘A

- PROBLEM PARAMETERS

o

N
gf— A second problem Involving the surface heating of a finite thick plate was
. solved In similar fashion to the |aser beam problem. In thls example, the
‘: edge cracked plate model was used to Investigate the effect through thlckness
W
oM temperature gradients have on a two-dimensional surface flaw. The thermal
‘N

mode| !l|lustrated In Flgure 4-3 was used to solve for temperatures and
stresses as a function of time. The plate was assumed to be one materlal (no

e cladding) with materlal propertlies the same as glven In Table 5-1 and with a
N thickness of 1 Inch.

Aerodynamic heating is appilied uniformly to one side (r = 0) and the flaw Is
-_Z-'_ located on the other side (r = w) where the surface Is assumed adlabatic. The
‘ surface heat flux was modelled as a tradltional convective heating with

ﬂ‘-': surface reradlation effects assoclated with a black body radlator. An

. equivalent heat transfer coefficient and convective gas temperature were
estimated from measurements on metalllc specimens subjected to space shuttle
reentry conditions (21). Maximum heat fluxes of about 50 BTU/ft -sec

(57 W/cm ) and a surface heat transfer coefflcient

LA A ]
l")'_:‘) AN

s
3]

- 2
0.008 x 10 ~ Ibm/ft -sec based on the enthalpy gradient between the wall

".‘I

::j and the alr. An equivalent h and T were establ Ished fram these data by

)

‘_ equating surface heat flux with estimated alr temperatures at corresponding
Z: free stream test pressures and enthalples to glve:

- 2

- h = 18 BTU/(hr—ft °F

Jl

:_ (6-1)
aE To = 10,000°F
%

h 6-1

x
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Y, 1t should be noted that the resulting heat rate Is approximately an order of
R magnitude less severe than the |aser heating problem analyzed in Section 5.

-

- STRESS SOLUTIONS

. The temperature and stress solution for the plate was solved by the Impliclt

:i finite difference model. The plate was represented by 21 nodes with a |lnear

:& spacing of 0.05 Inch. A constant time Increment of 0.1 second was used in all

- translient solutions. The temperature change for times up to 30 seconds Is

", shown In Flgure 6-1. The initlal temperature of the plate was 70°F, At
‘:; 1 second, the surface temperature was computed to be approximate!y 130°F, but

. the temperature at x = w stli] remains unelevated. At 30 seconds, the AT
.‘: across the p|ate |s approximately 100°F.

.J‘
.E The tangent|al (oz) stress for the translent times of 0.1, 1, and 10 seconds

'j Is shown In Figure 6-2. Although the stress varliatlon with dlstance through
Ei the thlickness Is nonl Inear, the basic response of the plate will be to bend

:; |lke a beam due to the thermal upset at the surface. The through thickness

o stress is negative and relatively small compared to ¢ and, therefore, 1t Is

:; not plotted. Inspection of the stress distributions %o 30 seconds Indicates

;' that the maximum stress In the reglon where the flaw will be postulated
o~ (x/w = 1) occurs between 7 and 10 seconds., The peak tenslle surface stress
;E occurs at 9.4 seconds.
‘.-;"

v STRESS INTENSITY FACTORS

-

2: Agalin, the influence functlon method was used to calculate the Mode | stress

y intensity factor. The K varliation as a function of time Is glven In )

4 Figure 6-3. As suggested by the stress solutions, the peak stress Intenslty

E factor occurs at approximately 9 seconds after heating begins and siowling E
: attenuates with time. Flve K curves are plotted, each corresponding to a N
o different but constant crack penetration (a/w = 0.1 through 0.5). Maximum K

. level for each flaw depth 1s observed to occur a{ gpproxlmafely the same polnt :
N In time with the largest value belng 16.9 ksi-1In for a flaw that Is

.
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i) one-hal f the wall thickness In depth. Because the thermal heating Is |ess
severe than the case of |aser heating, these calculated stress Intenslity

" factors are |lower In magnitude,
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Section 7
COMPUTER HARDWARE AND SOFTWARE REQUIREMENTS

INTRODUCT ION

The computer programs developed for this Investigtion were all written In
FORTRAN and were executed on an IBM-3081 system located at Stanford
Universlity. The FORTRAN |anguage was selected because of Its general use In
englnesring. These programs were written to demonstrate the Influence
function method and to obtaln approximate estimates of execution times for
various machlnes., These computer codes are not consldered to be productlion
programs. Further developments willl be required before the basic algor!thms
are sultable for general use. Recommendations for additional capabllities are
glven In Sectlon 8.

The purpose of thls section Is to dlscuss the appllicablllty of these methods
for use on desktop computers. Since the major concern here will be accuracy
and speed, these two basic characteristics were studied, In addition, a
specification for a general purpose program Is glven,

PROBLEM EXECUTION

The problems of laser Implingement and asrodynamic heating were solved In two
basic steps. Flrst, the thermal stress solution (heat flow and stress
analyses) was performed followed by the stress intensity factor solution,
Each step was performed by an Individual program. The performance of
different computers was determined by comparing the execution times of
Indlvidual microcomputers with the central processing unit (CPU) executlon
time of the IBM-3081 system.

The microcomputer systems studied were all based on Intel 8088 or 80286
microprocessors In a system archltecture simllar to IBM-PC/XT and IBM-PC/AT
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systems, Because clock speed and the use of a math coprocessor can greatly
enhance machine performance, these hardware features were also tested, The
coprocessor for the 8088 CPU Is the 8087 and the coprocessor used wlth the

80286 CPU Is the 80287. All machines contalned and were executed from hard
d1sks.

A summary of Indlvidual machlne performance was as measured by execuftion time
as shown In Table 7-1. All tImes |lsted are In unlts of seconds. Three
problems were solved as shown--a thermal stress solution for |aser heating, a
thermal stress solution for aerodynam!c heating, and a stress Intensity factor
for an edge cracked plate. Execution times Included both CPU tIme and
Input/output times assoclated with the disk. Although the slowest algor!thm
appears to be the explliclt finlte difference solution for thermal stress, this
problem required many more nodes In the model. Hence, comparison between
algorithms should not be made In Table 7-1, I+ would be expected that the run
times for the Implicit method would signiflcantiy Increase with the number of
nodes used; however, the stablilty of the method would allow for larger time
Increments to be empioyed.

Al execution times dlsplayed by the microcomputers are within the reaim of
practical appllcation; however, walting up to 35 minutes for a thermal
solution and 20 minutes for corresponding K solution for a 8088 machine
wlthout a coprocessor wlll undoubtedly be annoylng to the user. The
microcomputers exhlblted execution times that ranged from 40 to 1,400 times
slower than the IBM-3081 malnframe system. The greatest Improvement Is
observed when a coprocessor s used where a factor of flve on speed
enhancement was recorded. This Is conslistent with the math Intensive
numerical procedure and double preclision arlthmetic used In the algori+hms, A
40 percent speed Improvement was observed when clock speed was changed from
4.77 MHz to 8 Mz,

As expected, the 80286 machine was the best performing system with run times
less than 1 minute, This class of machines 1s well sulted for the

app! lcations Intended.
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The accuracy of mlcrocomputers as compared wlth the results from the IBM-3081

was excellent. The word |ength for the 8088 system was determined to be 24
blts for the mantissa, Therefore, the 8088 microcomputer has the same number
of signlficant digits In floating polnt arlthmetic as the malnframe. In fact,
the mantissa for single preclslon arithmetic In the 3081 system ranged between
21 blts to 24 blts depending on the size of the number. This suggests that
the microcomputers studied hereln, on average, have more preclsion than the

3081 malnframe.

SOFTWARE SPECIFICATION

The software Is not organlzed for production work. Improvements wll!l be
required In the area of Input/output formats, solutlion efficlency, and post
processing of results. A flowchart showing the general numerlical procedure |s
shown In Flgure 7-1, It Is proposed that FORTRAN be used wherever possible
because of I1ts general use as a sclentiflic programming | anguage. The Input to
the program wlill require the greatest devel opment because all well accepted
programs are those that are simple to use, to understand, and to modlfy Input
flles. Programs that can accept both batch Input flles as well as menu driven
Input have the greatest flexiblllty to create new problem Input flles or
change existing or previously created Input files. The use of "help flles"
will greatly Improve the speed of solving problems when a users manual Is not
convenlently avallable to answer questlions.

The solutlion algorithms can follow the baslc structure of the programs.
Because these programs were written for solving demonstration problems, thelr
efficlency Is not optimum. Addlitional software will be requlired to provlde
for a |lbrary of propertles for appropriate alrcraft structural mater!als,

The propertles should cover the temperature range expected for the appl ication
of the method. The Influence functlon flaw models should also be organized In
a |lbrary format for ease of selection and use by the analyst.

Recommendations on expanding the capablllties of the present demonstration
software are dlscussed In Sectlon 8.

p
S

Ly 3

gty "_';‘i.'.‘ o d

N RS T AT A Gt g LA AR L r.' l\f\f.gr..'gr\r TR . n\ . r.. A \r " AT T



P

L C " Sy ~
410 e A O St i N N N

Specify Problem Input
(Batch File or Menu Driven)

Solve Heat Flow Equation
and Calculate Temperature
Distribution

Calculate Stress Distribution
For Refined Nodal Spacing
Along Postulated Crack Plane

. -
S s A et

Ve Atadind iy T TETIH I TI

Help
Files

Thermal
Properties
Library

Calculate Stress Intensity
Factors as a Function of
Crack Length

-——————

Store Results for
Post Processing

l

Increment With Time
For Another Solution

Mechanical
Properties
Library

Flaw
Model
Library

> Print

or Plot

Figqure 7-1 - Flowchart Showing General Numerical

Procedure.
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The processing of output wll] take the form of elther printed summary tables :"
or graphs as selected by the user, Elther output format option should have ;
the capabll ity of being displayed on the monitor as well as printed or plotted 7
on a hard copy device. Displaylng of results on the computer monitor 1s very -
useful In qulick problem solving and Input Iterations, especially If they can :_
“

be performed In a timeshare enviromment. Both timeshare and batch :
enviroments are easy to Implement on a single-user mlicrocomputer system, E:
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Section 8
SUMMARY AND CONCLUSIONS

-
wh

-
»
»

The influence function method Is a very powerful technique for calcul ating
stress Intenslty factors glven that the stress state for the structure without
the flaw Is known, For thermal stress problems, the Influence functlon method

3

.

Is very useful because repetitive K solutlions are often required due to time

"

xS S g

varylng stress conditions and multiple flaw orlentations of Interest. While a
knowledge of the stresses along postul ated crack planes Is required for Input ;
to the method, these stress solutions can be solved numerically by algor!thms

that complement Influence function methods In both simpliclty and speed. Thls
capabi| Ity has been demonstrated for two Intense heating problems--]aser beam

Impingement and aerodynamic heating. Results from these analyses suggest that
stress Intenslty factors for the thermal condltlons assumed can be signiflicant .
and must be accounted for In structural rellabliity assessments where severe K
surface heating Is an expected or potential event,
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The computer resources required to perform these computations were not

x

significant, and all computations can be performed on currently avallable

a

desktop microcomputers. Al though execution times for microcomputers were very
slow compared to an |BM-3081 malinframe system (up to 1,400 times siower

" "- "l ?I

depending on microcomputer archl!tecture), problem run times of less than
2 minutes are expected for a 80286-based microcomputer, such as an IBM-PC/AT '
personal computer. Therefore, the Influence function method, Including

A

supporting thermal heat flow and stress analysls, can be accommodated by .
currently avallable microcomputers that already enjoy wide acceptance and use.

Also, the accuracy of the methods did not degrade when executed on the smaller
microcomputers. The methods developed herelin are, therefore, candldates for

use as a desktop design too! as well as an Inflight expert system for real
time damage assessment.

LIS P b s 2 ]

’ 8-1

L
Py *
[

A . : :

WA, A e e, AT S AT A A AN AL NN AN N e NN e i g e e




ot et Y RIATRY 4

Because the software developed during thls project was for the purpose of
demonstrating the methods, the programs are not set up for production problem
execution., Additionai refinements to the methods are requlired before the
methods can be used on general thermal probiems, Speclfically, the present
programs should be enhanced In the followlng areas:

e Expand the thermal heat flow and thermal stress numerical procedure to
two-dimensional analysls

e Improve the thermal heat flow algorithm for speed and stabll|ity;

explore more stable methods that are expllicit In nature

e include temperature varyling properties and surface phase change
(mel t1ng, subl imation)

e Expand the number of Influence functions to Include flaw models for
cracks emanating from structural dlscontinulties, such as holes and
stiffener attachments

e Provide for coupl ing between thermal solutlion and stress solution when
| arge deflectlons occur

® Yerlfy accuracy of overall thermal analyslis procedure by performing
analytical and experimental test problems

e Explore the application of the computer software and hardware deve-
loped here to an alrcraft onboard expert system

® Prepare user documentation for the method
The l|aser Implingement problem [llustrated that local plasticity within the
radlation zone and vaporization are possible In extreme cases. At a minimum,

these conditions should be checked by the program and the solutlon procedure
modlfled to account for this. These advanced probiems can be handled by the
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method provided that the plasticity Is contained In the zone and the flaw Is
wel| surrounded by an elastic medium. For the case of complete burn through,
the situation becomes the problem of a crack In the vicinlity of an expanding
hole that is being heated on {ts boundary, Such a case could sti}| be solved

by the methods described hereln, provided that the proper boundary value
problem solution for stress 1s developed,

In conclusion, the obJectives of the project have been achleved. The
Influence function method Is a viable technique for determining stress
Intenslty factors for reallstic thermal boundary assumptions. Because of the

simple numerical procedure, the method will execute efficlently on small
microcomputers.
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